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Executive Summary

Elevated total dissolved gas (TDG) levels are associated with spill events at four
hydroelectric projects on the Lower Columbia River. Water spilled over the spillway of
a dam entrains air bubbles. When these are carried to depth in the stilling basin of a
dam, the higher hydrostatic pressure forces air from the bubbles into solution. The
result is water supersaturated with dissolved nitrogen, oxygen, and the other
constituents of air. Fish inhabiting this water may not display any signs of difficulty if
the higher water pressures at depth offset high TDG pressure in the gas that passes
through the gills into the blood stream. However, if they remain in the supersaturated
area for extended periods or rise in the water column to a lower water pressure at
shallower depths, TDG may come out of solution within the fish, forming bubbles in
their body tissues. This gives rise to gas bubble disease (GBD) or gas bubble trauma
(GBT).

This document describes the production of TDG at each of the four projects in the
Lower Columbia River. General production equations are presented representing the
production of TDG, and specific equations taking into account the particular physical
characteristics of each of the four projects are presented.

Loading capacity for TDG has been defined in terms of as excess pressure over
barometric pressure (DP). This parameter was chosen because it can be directly linked
to the physical processes by which spills generate high TDG, and it has a simple
mathematical relationship to TDG percent saturation. A loading capacity of 75 mm Hg
has been assigned to the Columbia River in this TMDL area.

Because of the unique nature of TDG, load allocations are not directly expressed in
terms of mass loading. However, given the clear mathematical relationship between
spill quantities, the loading capacity ( DP ), and TDG percent saturation, the intent of
load allocations has been met by specifying compliance target in terms of a spill
quantity per spillway unit at each of the projects. In addition, compliance targets have
been established for short-term implementation of fish passage spills under the
“waiver” levels of TDG.

Implementation is included and incorporates actions described and analyzed by the
U.S. Army Corps of Engineers in its Dissolved Gas Abatement Study. Both short-term
and long-term measures are described along with estimates of gas abatement and
implementation cost.
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Introduction

State water quality standards establish criteria at levels that ensure the protection of the
water’s beneficial uses. Water that fails to meet water quality standards triggers a State
action in Oregon and Washington. The Department of Environmental Quality (DEQ)
and Department of Ecology (Ecology) are charged to assess, manage and protect the
beneficial uses of the waters of Oregon and Washington, respectively. A number of
water bodies fail to meet water quality standards. DEQ and Ecology are charged with
returning waterbodies to standards. The requirement under the Clean Water Act for
achieving this is known as a Total Maximum Daily Load (TMDL). This document
details this approach for the mainstem Columbia River from the mouth of the Snake
River to its mouth at the Pacific Ocean for the pollutant, total dissolved gas (TDG). We
will explain what total dissolved gas is, why it is a problem, and a strategy for
managing it so water quality standards will be met.

Purpose of, and Authority for, TMDL

The border between the states of Washington and Oregon follows the geographic center
of the Columbia River mainstem for most of the river from the Wallula Gap (a few miles
below the confluence of the Snake and Columbia Rivers) to its mouth. Through this
entire reach the river exceeds the water quality standard for TDG both for the State of
Oregon and the State of Washington. In both states it is listed on their 1998 lists of
waterbodies failing to meet standards pursuant to Section 303(d) of the federal Clean
Water Act. Itis a result of the standards exceedances and subsequent listings that this
Total Maximum Daily Load (TMDL) is being prepared jointly by Oregon and
Washington.

Although the Oregon and Washington only have authority over the waters within their
boundaries, under federal law each state must meet the standards of the other where
the waters are shared, such as in the lower Columbia River. Therefore, the goal of this
TMDL is to provide a single TMDL analysis and implementation plan that both states
agree to, which will then be implemented by each state with their unique authorities.

TMDLs determine the quantity (load) of a pollutant that can enter a waterbody and still
meet water quality standards. This pollutant load is then allocated among the various
sources. An implementation component (in Washington, the Summary Implementation
Strategy) is included to identify actions that appropriate agencies and stakeholders (in
Oregon, Designated Management Agencies [DMASs]) will undertake to achieve the
allocated loads.
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The TMDL, as described in this document, must be submitted to the U.S.
Environmental Protection Agency (EPA) for their approval. Oregon and Washington
each operate under a Memorandum of Agreement with EPA, which guides the TMDL
submittal. This document has been organized by Oregon’s guidelines, but Table 1
outlines the components of Washington’s TMDL submittal and how they match up.

Table 1. Comparison of Oregon’s and Washington’s TMDL Submittal Format

State of Oregon

State of Washington

Table of Contents (Optional)
List of Tables (Optional)
List of Illustrations (Optional)
Acknowledgement (Optional)
Executive Summary (Optional)

Introduction

Introduction

Purpose of, and Authority for, TMDL

Introduction

Geographic Extent

Background

Total Dissolved Gas Water Quality
Standards

Applicable Criteria

Basin Assessment

Background

Deviation of Ambient Conditions from
Water Quality Standards

Water Quality and Resource Impairments

Loading Capacity

Technical Analysis
Loading Capacity

Identification of Sources

Technical Analysis

Load Allocations

Load & Wasteload Allocations

Margin of Safety

Margin of Safety

Seasonal Variations

Seasonal Variation

Implementation Plan

Summary Implementation Strategy

References and Bibliography

References Cited

There is a great deal of overlap between this TMDL established pursuant to the Clean
Water Act and anadromous fish passage for salmonids listed as threatened or
endangered under the Endangered Species Act (ESA), administered by the National
Marine Fisheries Service (NMFS). It is therefore important that there is a clear
understanding of the requirements of this TMDL relative to measures required by
Biological Opinions issued in relation to the threatened and endangered species of the

Snake and Columbia Rivers.
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In summary, the provisions of both Acts must be met. Notwithstanding that, it is not
the purpose of the Clean Water Act to usurp functions properly undertaken pursuant to
the ESA. On the contrary, the ESA contains provisions that encourage EPA to consult
with NMFS prior to approval of a TMDL that affects ESA-listed species to ensure the
TMDL is consistent with species recovery goals. Biological Opinions issued pursuant to
the ESA require attainment of certain fish passage performance standards. One of the
means of attaining these is through spilling water over hydroelectric dam spillways.
This action, though, results in elevated TDG. Control of TDG is the purpose of this
TMDL. The Clean Water Act does not envisage trade-offs of fish passage for total
dissolved gas, it requires, rather, attainment of water quality standards. This is one of
the significant challenges posed by this TMDL.

This TMDL is written to reflect ultimate attainment of the TDG water quality standard.
Fish passage requirements can be facilitated under an implementation plan, but the
clear expectation of the Clean Water Act is that water quality standards will be attained
in a limited amount of time. NMFS and EPA have been negotiating how to meet fish
passage requirements under the Endangered Species Act at the same time as meeting
the water quality requirements of the Clean Water Act. However, the primary purpose
of this TMDL must be to comply with the Clean Water Act, although finding a means of
compliance with both laws is also a goal.

Geographic Extent

This TMDL applies to the Columbia River mainstem from the confluence of the Snake
and Columbia Rivers to its mouth at the Pacific Ocean.

The laws of the State of Oregon apply to the river’s southern half from its point of entry
into Eastern Oregon from the State of Washington. This takes in seven river segments as
follows:

The mouth to Tenasillahe Island. Segment number COLUO

Tenasillahe island to Willamette River. Segment number COLUO37

Willamette River to Bonneville Dam. Segment number COLU102.

Bonneville Dam to The Dalles Dam. Segment number COLU146.

The Dalles Dam to John Day Dam. Segment number COLU191.6.

John Day Dam to McNary Dam. Segment number COLU215.6.

- McNary Dam to the Washington Border. Segment Number COLU290.

These seven segments fall on the Columbia River mainstem. The hydrologic unit code
for the Columbia Basin is 1707. All of these waters have been identified as impaired and
have been included on Oregon’s 1998 303(d) list.
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The laws of the State of Washington apply to the entire Columbia River from the mouth
of the Snake River to the Oregon border in Wallula Gap, and to the northern half from
there to the mouth. The following segment covered by this TMDL is NN57SG (new
system), or WA-CR-1010, -1020, and -1026 (old system). The Columbia River borders
Water Resource Inventory Areas (WRIAS) 24 through 32, inclusive. All of these waters

have been identified as impaired and have been included on Washinton’s 1998 303(d)
list.
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Total Dissolved Gas Water Quality Standards

For waters that are shared by two states, water quality must meet the standards of both
states. For this TMDL, the standards of the two states are virtually identical.

State of Oregon Standards

The Water Quality Standards for the State of Oregon are contained in Chapter _ OAR.
The following standards are relevant to the TDG TMDL.

(A)  The concentration of total dissolved gas relative to atmospheric pressure at the
point of sample collection shall not exceed 110 percent of saturation, except when
stream flow exceeds the ten-year, seven-day (7Q10) average flood. However, for
Hatchery receiving waters and waters of less than two feet in depth, the
concentration of total dissolved gas relative to atmospheric pressure at the point
of sample collection shall not exceed 105 percent of saturation;

(B) The Commission may modify the total dissolved gas criteria in the Columbia
River for the purpose of allowing increased spill for salmonid migration. The
Commission must find that:

() Failure to act would result in greater harm to salmonid stock survival
through in-river migration than would occur by increased spill;

(i)  The modified total dissolved gas criteria associated with the increased
spill provides a reasonable balance of the risk of impairment due to
elevated total dissolved gas to both resident biological communities and
other migrating fish and to migrating adult and juvenile salmonids when
compared to other options for in-river migration of salmon,;

(i)  Adequate data will exist to determine compliance with the standards; and

(iv)  Biological monitoring is occurring to document that the migratory
salmonid and resident biological communities are being protected.

(C)  The Commission will give public notice and notify all known interested parties
and will make provision for opportunity to be heard and comment on the
evidence presented by others, except that the Director may modify the total
dissolved gas criteria for emergencies for a period not exceeding 48 hours;
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(D) The Commission may, at its discretion, consider alternative modes of migration.

State of Washington Standards

Washington’s Water Quality Standards (Chapter 173-201A WAC) classify the reaches of
the Columbia River covered by this TMDL as Class A. The following standards
specifically apply:

Total dissolved gas shall not exceed 110 percent of saturation at any point of
sample collection.

The water quality criteria herein established for total dissolved gas shall not
apply when the stream flow exceeds the seven-day, ten-year (7Q10) frequency
flood.

The total dissolved gas criteria may be adjusted to aid fish passage over
hydroelectric dams when consistent with a department approved gas abatement
plan. This gas abatement plan must be accompanied by fisheries management
and physical and biological monitoring plans. The elevated total dissolved gas
levels are intended to allow increased fish passage without causing more harm to
fish populations than caused by turbine fish passage. The specific allowances for
total dissolved gas exceedances are listed as special conditions for sections of the
Snake and Columbia rivers in WAC 173-201A-130 and as shown in the following
exemption:

Special fish passage exemption for sections of the Snake and Columbia
rivers: When spilling water at dams is necessary to aid fish passage, total
dissolved gas must not exceed an average of one hundred fifteen percent as
measured at Camas/Washougal below Bonneville dam or as measured in the
forebays of the next downstream dams. Total dissolved gas must also not exceed
an average of one hundred twenty percent as measured in the tailraces of each
dam. These averages are based on the twelve highest hourly readings in any one
day of total dissolved gas. In addition, there is a maximum total dissolved gas
one hour average of one hundred twenty-five percent, relative to atmospheric
pressure, during spillage for fish passage. These special conditions for total
dissolved gas in the Snake and Columbia rivers are viewed as temporary and are
to be reviewed by the year 2003.
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Basin Assessment

Total dissolved gas that are increased above the water quality criteria are caused by
spilling water over spillways of dams on the Columbia River. These are the major
sources of elevated TDG on the Columbia mainstem. There are a variety of other ways
that TDG may be elevated: passage of water through turbines, fishways, or locks; and
natural processes such a low barometric pressure, high water temperatures, or high
levels of primary productivity. However, the vast majority of the high TDG levels
found in the Columbia River are caused by spills from dams.

Spill at dams occurs for several reasons:

1. To enhance downstream fish passage (to meet “Performance Standards” for fish
survival under ESA);

2. To bypass water that exceeds the hydraulic capacity of the powerhouses due to
high river flows; or

3. To bypass water when the powerhouse is not in use due to lack of power market,

maintenance, break-down, or other reasons.
The first type of spill is sometimes called “voluntary spill”, while the second two types
are termed “involuntary spill.

Spill for Fish Passage

Spill for purposes of fish passage involves water deliberately released over dam
spillways, rather than being discharged through turbines or fish bypass facilities. The
intent is to reduce turbine and bypass mortalities. Schoeneman et al (1961) found that
mortality in Chinook juveniles spilled over McNary Dam (Columbia River) and Big
Cliff Dam (Santiam River) was less than two percent. Subsequent studies confirmed
this estimate. The requirement for spring and summer spills to pass juvenile salmon
was included in the 1995 Biological Opinion (BiOp) for the Columbia River dam
operations. To comply with the BiOp, Oregon and Washington have established
“waivers” of the TDG criteria to allow limited fish passage spill.

In Oregon, the Environmental Quality Commission has granted variances to the TDG
standard to enable spill for salmonid juvenile passage for species listed under the
federal Endangered Species Act. This has occurred annually since 1994. Variances
usually involve TDG levels of 120 percent saturation relative to atmospheric pressure in
the tailrace of the spilling dam, and 115 percent TDG saturation relative to atmospheric
pressure as measured in the forebay of the next dam downstream. Variance period
usually extend from the middle of April through the end of August each year.
Additional variances have been granted each year for spill over Bonneville Dam for up
to ten days each March to assist with passage of the Spring Creek National Fish
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Hatchery Tule Chinook release. One variance has also been given for John Day Dam to
enable testing of flow deflectors.

Washington’s approach to conform with the BiOp was to adopt a rule revision
specifying the TDG criteria for fish passage spill (see above). These waiver limits have
generally been identical to Oregon’s annual variances.

Involuntary Spill

Like spills for fish passage, involuntary spill involves water being discharged over dam
spillways. The causes and intended consequences, though, are different. As its name
suggests, there is no choice involved in "involuntary" spill. At times of very high river
flows, the quantity of water exceeds the capacity of a dam to constrain it. In these
circumstances, water is released over the spillway. There is nowhere else for it to go.
The Columbia River hydropower system in Washington and Oregon is somewhat
unique in that regard. With the exception of Grand Coulee Dam, it contains very little
storage potential relative to the quantity of spring runoff. At times of rapid runoff, the
dams cannot constrain the quantity of water, and it is spilled with attendant high TDG
levels. Often dissolved gas levels from involuntary spill exceed those experienced
during periods of spill for fish.

Involuntary spill as a result of lack of power market is a variant of the above. In this
scenario, the power marketing authority cannot sell any more power, and even though
turbines are available, water is bypassed over the spillway because there is nowhere for
electricity generated to go. Running water through the turbines with no load increases
wear and tear with attendant higher maintenance costs. This can occur at times of
relatively low flows, typically in the spring or fall when power demands are low both in
California and the Pacific Northwest.

Involuntary spill can also occur at low flows when powerhouses are taken off line for
maintenance, breakdown, or other needs. Maintenance is usually scheduled to prevent
a spill, but unscheduled maintenance may require an involuntary spill. For example, a
fire at the Priest Rapids Dam in August 2001 forced the entire powerhouse to go off-line
and all flows to be spilled.
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Deviation of Ambient Conditions from Water Quality Standards

TDG Generation from Spills

Spills for fish passage typically occur during the spring and summer months. During
periods of fish spills, deviations of ambient conditions from the water quality standard
are frequent but usually small. This is because spill quantities are managed to meet the
waiver levels for fish passage: either variances granted by the State of Oregon or
Washington’s Special Conditions (described above). For the past six years, the State of
Oregon has granted a variance to its water quality standard for TDG to facilitate fish
passage. These variances are virtually identical to Washington’s Special Conditions,
which allow TDG levels to rise to 120 percent of saturation relative to atmospheric
pressure in the tailrace of the dam that is spilling, and 115 percent in the forebay of the
next dam downstream.

The excursions beyond this level have been usually not more than one or two percent,
and occur as a result of the imprecision in setting spillway gates. Generally, the fishery
management agencies have sought spill quantities in order to remain right at the TDG
variance limit at the FMS sites. Any small change in conditions that influence TDG,
such as change in barometric pressure, water temperature, incoming gas, total river
flow or tailwater elevation will cause an exceedance when operated this way. Also,
these levels do not meet the 110 percent criterion of either state.

Involuntary spills can occur at any time. Involuntary spills caused by river flows above
powerhouse capacity are most likely to occur from late fall to early summer, depending
on rainfall or snowmelt in the tributary watersheds. However, high flows could also
occur due to releases from upstream dams with significant storage, such as Grand
Coulee or the Canadian dams. Involuntary spill due to low power demand is most
likely in the spring, although this is also dependent on regional power management by
the Bonneville Power Administration (BPA). Loss of powerhouse capacity to
maintenance or repair is usually scheduled so that no more than one or two turbines are
out at any given time, but an emergency powerhouse shutdown and spill could occur at
any time as the result of a fire or other disaster. At times of involuntary spill,
exceedances above the standard can rise dramatically, peaking above 130 percent of
saturation, and even 140 percent. Absolute TDG pressures at these levels can be lethal
to fish.

For all spills, the highest TDG levels, and therefore the area most likely to exceed
standards, is directly below the spillway. In this area, the “aerated zone”, the plunging
and air entrainment of the spill generates high levels of TDG, but then quickly degasses
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while the water remains turbulent and full of bubbles. However, as this water moves
from the stilling basin into the tailrace, degassing slows and the TDG levels stabilize.

In the pools, gas exchange rates are small to negligible except under high wind
conditions, which can increase degassing. If conditions are still and TDG concentrations
are constant, the percent saturation of TDG can increase if the water temperature
increases or barometric pressure drops (Figure__). Also, primary productivity can
increase dissolved oxygen levels, which results in a higher TDG % saturation.

1300 Variation in TDG % Saturation
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Figure . Variation in TDG % Saturation with Temperature and Barometric Pressure
at Constant Concentration

Due to the hydraulic properties of the spill, a proportion of the powerhouse flow
entrains with the spill and is aerated as if it where part of the spill. This amount may be
negligible where physical structures separate powerhouse from spillway flows, such as
islands at Bonneville Dam. The rest of the powerhouse flow mixes slowly with the
spillway flows. Powerhouse TDG levels are typically identical with forebay TDG levels
— very little gas exchange occurs as water passes through the powerhouse. Therefore,
the if forebay TDG levels are lower than levels below the spillway, the powerhouse
flows that mix slowly and farther downstream will reduce the TDG levels in the
spillway waters by dilution.
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TDG Impacts on Aquatic Life

Fish and other aquatic life inhabiting water supersaturated with TDG may tend to
display signs of difficulty, especially if higher dissolved gas pressure gradients occur.
Gas bubbles form only when the total dissolved gas pressure is greater than the sum of
the compensating pressures. Compensating pressures include water (or hydrostatic)
and barometric pressure. For organisms, tissue or blood pressure may add to the
compensating pressures. Gas bubble development in aguatic organisms is then a result
of excessive uncompensated gas pressure. The primary actions which will enhance the
likelihood of bubbles forming in the fish are (1) continued exposure to the highly
saturated water, (2) rising higher in the water column bringing about a higher pressure
gradient (decreased hydrostatic pressure), (3) decreases in barometric pressure, (4)
increasing water temperature.

The damage caused by release of gas bubbles in the affected organism is termed Gas
Bubble Trauma (GBT) or Gas Bubble Disease. There is a wide body of research on this
condition. The standards were set at 110%, the threshold for chronic effects found in the
literature. The severity of GBT increases as the absolute TDG level increases, until at
higher levels lethality can occur swiftly. However, there are a number of factors that
affect a particular organism’s response to high TDG levels. Clearly different species
respond to changing TDG differently, and the response also varies by life stage.
Juvenile salmonids appear to be relatively resilient compared to adults or to non-
salmonids.

The duration of exposure to high TDG appears to have an impact on the severity of
GBT symptoms. Although the standards are not specific on this issue, defining a
duration of exposure to be applied to the criteria is appropriate. The waiver limits
developed for fish passage provide two levels — a one hour maximum, and the average
of the twelve highest hourly readings in any 24-hour period. Based on the 110% criteria
representing chronic impacts, use of the longer averaging period is appropriate.

It is possible that TDG became elevated under historical natural conditions in the
Columbia River, such as below Celilo Falls. However, elevated TDG probably
dissipated quickly as it passed over shallows and rapids. Conditions exist at the
Columbia dams that create high TDG levels unlike natural conditions, which include
the height of the dams, the shape of the spillway, and the presence of the long deep
pools below the dams.

Monitoring of TDG

Routine monitoring of instream TDG levels occur at Fixed Monitoring Station (FMS)
sites above and below each dam. The tailwater FMS sites in some cases may be a mile

17
Draft Lower Columbia TDG TMDL 10/29/01




or two downstream of the dam. The FMS sites have been the primary point of
compliance and assessment of TDG levels, especially for compliance with waiver limits
during fish passage spills. The locations have been chosen for a variety of reasons, a
primary one being the logistics and feasibility of long-term monitoring. However,
studies suggest that some of these sites are not collecting data that is representative of
river conditions. The appropriateness of the current FMS locations has been the subject
of vigorous debate between the resource agencies and Corps.

To gain additional knowledge of TDG conditions in the river, the Corps has conducted
a number of detailed special studies of TDG levels below the dams (e.g. Schneider and
Wilhelms, 1996; Wilhelms and Schneider, 1997a; Wilhelms and Schneider, 1997b;
Schneider and Wilhelms, 1999). These studies have shown that TDG levels measured at
the FMS sites are usually lower than levels longitudinally upstream towards the
spillway, may be lower than levels laterally across the river if powerhouse flows are not
fully mixed, and in some conditions may be lower than levels longitudinally
downstream.

Loading Capacity
Analysis of TDG generation processes

Introduction

The discussion that follows is taken from (sometime verbatim) the Dissolved Gas
Abatement Study conducted by the U.S. Army Corps of Engineers (Corps), and in
particular from Appendix G: “Spillway Discharge Production of Total Dissolved Gas
Pressure” (USACE, 2001).

The TDG exchange associated with spillway operation at a dam is a process that
couples both the hydrodynamic and mass exchange processes. The hydrodynamics are
shaped by the structural characteristics of spillway, stilling basin, and tailrace channel
as well as the operating conditions that define the spill pattern, turbine usage, and
tailwater stage. The hydrodynamic conditions are influenced to a much smaller extent
by the presence of entrained bubbles.

The air entrainment will influence the density of the two-phase flow and impose a
vertical momentum component associated with the buoyancy in the entrained air. The
entrained air content can result in a bulking of the tailwater elevation and influence the
local pressure field. The transfer of atmospheric gasses occurs at the air-water interface,
which is composed of the surface area of entrained air at the water surface. The
exchange of atmospheric gases is greatly accelerated when entrained air is exposed to
elevated pressures because of the higher saturation concentrations. The pressure time
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history of entrained air will, therefore, be critical in determining the exchange of
atmospheric gases during spill.

The volume, bubble size, and flow path of entrained air will be dependent on the
hydrodynamic conditions associated with project releases. The bubble size has been
found to be a function of the velocity fluctuations and turbulent eddy length. The
bubble size can also be influenced by the coalescence of bubbles during high air
concentration conditions. The volume of air entrained is a function of the interaction of
the spillway jet with the tailwater. The entrained bubble flow path will be dependent
upon the development of the spillway jet in the stilling basin and associated secondary
circulation patterns. The turbulence characteristics are important to the vertical
distribution of bubbles and the determination of entrainment and de-entrainment rates.

Physical Processes

The exchange of TDG is considered to be a first order process where the rate of change
of atmospheric gases is directly proportional to the ambient concentration. The driving
force in the transfer process is the difference between the TDG concentration in the
water and the saturation concentration with the air. The saturation concentration in
bubbly flow will be greater than that generated for non-bubbly flow where the
saturation concentration is determined at the air-water interface. The flux of
atmospheric gasses across the air-water interface is typically described by Equation 1.

J=K/(C,-C) Equation 1
Where:
K, = the composite liquid film coefficient
C, = the saturation concentration
C = the ambient concentration in water

The rate of change of concentration in a well-mixed control volume can be estimated by
multiplying the mass flux by the surface area and dividing by the volume over which
transfer occurs as shown by Equation 2:

dac =k é(CS -0) Equation 2
dt \Y

Where:
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A = the surface area associated with the control volume
\% = the volume of the water body over which transfer occurs

This relationship shows the general dependencies of the mass transfer process. In cases
where large volumes of air are entrained, the time rate of change of TDG concentrations
can be quite large, as the ratio of surface area to volume becomes large. The entrainment
of air will also result in a significant increase in the saturation concentration of
atmospheric gases, thereby increasing the driving potential over which mass transfer
takes place. Outside of the region of aerated flow during transport through the pools,
the contact area is limited to the water surface and the ratio of the surface area to the
water volume becomes small, thereby limiting the change in TDG concentration. The
turbulent mixing will influence the surface renewal rate and hence the magnitude of the
exchange coefficient K, .

K 2
\%

Equation 2 can be integrated, provided the exchange coefficient, area, and volume are
held constant over the time of flow. The initial TDG concentration at time=0 is defined
as C and the final TDG concentration time=tf is defined as C, shown in Equation 3.

The resultant concentration C, exponentially approaches the saturation concentration

. A . . :
for conditions where the term K, v is large. The final concentration becomes

independent of the initial concentration under these conditions.

A
| —t

A
C,=C(l-e V)y+Ce V Equation 3

Modeling TDG Transfer

The TDG exchange process involves the coupled interaction of project hydrodynamics
and mass transfer between the atmosphere and the water column. Mechanistic models
of TDG transfer must simulate the two-phase (liquid and gas phases) flow conditions
that govern the exchange process. Several mechanistic models have been developed to
simulate the TDG exchange in spillway flows. Orlins and Gulliver (2000) solved the
advection-diffusion equation for spillway flows at Wanapum Dam for different
spillway deflector designs. Physical model data were used to develop the hydraulic
descriptions of the flow conditions throughout the stilling basin and tailrace channel.
The model results were also compared to observations of TDG pressure collected
during field studies of the existing conditions. A second model developed by Urban et
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al. (2000), used the same mass transport relationships together with the hydraulic
descriptions associated with plunging jets. This approach does not require the specific
hydraulic information to be derived from a physical model, but it can be applied to any
hydraulic structure that has plunging jet flow. This model accounted for the TDG
exchange occurring across the bubble-water interface and the water surface. This model
was calibrated to observations of TDG exchange at The Dalles Lock and Dam (The
Dalles) and was developed as part of the Corps' Dissolved Gas Abatement Study. This
model successfully simulated the absorption and desorption exchange caused by the
highly aerated flow during spillway operations.

As a part of its DGAS study, the Corp decided to use empirically derived equations of
TDG exchange based on the recognition that data was not available to support
mechanistic models of the mass exchange process at all the projects in the
Columbia/ZSnake River systems. The greatest unknowns associated with the
development of a mechanistic model of highly aerated flow conditions in a stilling basin
revolve around the entrainment of air and subsequent transport of the bubbles. The
surface area responsible for mass transfer will require estimates of the total volume and
bubble size distribution of entrained air. In addition, the roughened water surface is
thought to contribute to the net exchange of atmospheric gasses. The pressure time
history of entrained air would also have to be accounted for to determine the driving
potential for TDG mass exchange. A description of the highly complex and turbulent
three-dimensional flow patterns in the stilling basin and adjoining tailrace channel
would need to be defined for a wide range of operating conditions. The influence of
turbulence on both the mass exchange coefficients and redistribution of buoyant air
bubbles would also need to be quantified throughout a large channel reach and for a
wide range of operating conditions. The flow conditions generated by spillway flow
deflectors have been found to be sensitive to both the unit spillway discharge and
submergence of the flow deflector. The presence of flow deflectors has significantly
changed the rate of energy dissipation in the stilling basin and promotes the lateral
entrainment of flow. These entrainment flows are often derived from powerhouse
releases, which reduce the available volume of water for dilution of spillway releases.

The TDG Exchange Formulation

The accumulated knowledge generated through observations of flow conditions during
spill at Columbia/Snake River projects and in-scale physical models at the Waterways
Experiment Station in Vicksburg, MS, along with mass exchange data collected during
site-specific near-field TDG exchange studies and from the fixed monitoring stations
(FMS's), has led to the development of a model for TDG exchange at dams throughout
the Columbia/Snake Rivers system for the federal hydropower projects. The general
framework is based upon the observation that TDG exchange is an equilibrium process
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that is associated with highly aerated flow conditions that develop below the spillway.
It recognizes that flow passing through the powerhouse is not generally exposed to
entrained air under pressure and, therefore, does not experience a significant change in
TDG pressure. It also recognizes that powerhouse releases can directly interact with the
aerated flow conditions below the spillway and experience similar changes in TDG
pressure that are found in spill.

The large volume of air entrained into spillway releases initiates the TDG exchange in
spill. This entrained air is exposed to elevated total pressures and the resulting elevated
saturation concentrations. The exposure of the bubble to elevated saturation
concentrations greatly accelerates the mass exchange between the bubble and water.
The amount and trajectory of entrained air is greatly influenced by the structural
configuration of the spillway and the energy associated with a given spill. The presence
of spillway flow deflectors directs spill throughout the upper portion of the stilling
basin, thereby preventing the plunging of flow and transport of bubbles throughout the
depth of the stilling basin. Spillway flow deflectors also greatly change the rate of
energy dissipation in the stilling basin, transferring greater energy and entrained air
into the receiving tailrace channel. Generally, spill water experiences a rapid absorption
of TDG pressure throughout the stilling basin region where the air content, depth of
flow, flow velocity, and turbulence intensity are generally high. As the spillway flows
move out into the tailrace channel, the net mass transfer reverses and component gases
are stripped from the water column as entrained air rises and is vented back to the
atmosphere. The region of rapid mass exchange is limited to the highly aerated flow
conditions within 1,000 feet of the spillway. In general, downstream of the aerated flow
conditions, the major changes to the TDG pressures occur primarily through the
redistribution of TDG pressures through transport and mixing processes. The in-pool
equilibrium process established at the water surface is chiefly responsible for changes to
the total TDG loading in the river.

One of the more important observations regarding TDG exchange in spillway flow is
the high rate of mass exchange that occurs below a spillway. The resultant TDG
pressure generated during a spill is determined by physical conditions that develop
below the spillway and is independent from the initial TDG content of this water in the
forebay. The TDG exchange in spill is not a cumulative process where higher forebay
TDG pressures will generate yet higher TDG pressures downstream in spillway flow.
The TDG exchange in spill is an equilibrium process where the time history of entrained
air below the spillway will determine the resultant TDG pressure exiting the vicinity of
the dam. One consequence of this observation is that spilling water can result in a net
reduction in the TDG loading in a system if forebay levels are above a certain value.
This was a common occurrence at The Dalles during the high flow periods during 1997
where the forebay TDG exceeded 130 percent saturation. A second consequence of the
rapid rate of TDG exchange in spill flow is that the influence from upstream projects on
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TDG loading will be passed downstream only through powerhouse releases. If project
operations call for spilling a high percentage of the total river flow, the contribution of
TDG loading generated from upstream projects will be greatly diminished below this
project.

Given the conceptual framework for TDG exchange described above, the average TDG

pressures generated from the operation of a dam can be represented by the mass
conservation statement shown in Equation 4:

(Qsp + Qe) Psp + (Qph - Qe) I:)ph

Puw = Equation 4
Qy +Qpn
Where:
Q, = Spillway discharge [thousands of cubic feet per second (kcfs)]
Qunm = Powerhouse discharge (kcfs)
Q, = Entrainment of powerhouse discharge in aerated spill (kcfs)
Qe = Q,, + Q. = Effective spillway discharge (kcfs)
Qu = Qg +Q,, = Total river flow (kcfs)
P = TDG Pressure releases from the powerhouse [millimeters of Mercury
(mm Hg)]
P = TDG pressure associated with spillway flows (mm Hg)

= Average TDG pressure associated with all project flows (mm Hg)

avg

This conservation statement using TDG pressure assumes the water temperature of
powerhouse and spillway flows are similar and that the heat exchange during passage
through the dam and aerated flow region is minimal. Some projects have other water
passage routes besides the powerhouse and spillway such as fish ladders, lock
exchange, juvenile bypass systems, and other miscellaneous sources. These sources of
water have generally been lumped into powerhouse flows and are not accounted for
separately.

Equation 4 contains three unknowns: Q, = powerhouse entrainment discharge,
P, =TDG pressure associated with spillway flows, and B, =TDG pressure associated

with powerhouse releases. The TDG pressure associated with the powerhouse release is
generally assumed to be equivalent to the TDG pressure observed in the forebay.
Numerous data sets support the conclusion that turbine passage does not change the
TDG content in powerhouse releases. All of the near- field TDG exchange studies have
deployed TDG instruments in the forebay of a project and directly below the
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powerhouse in the water recently discharged through the turbines. An example of this
type of data is shown in figure 1 during the 1998 post-deflector John Day Lock and Dam
(John Day) TDG exchange study (Schneider and Wilhelms, 1999a).

Figure 1: Total Dissolved Gas Saturation in the Forebay and Below the Powerhouse
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Draft Tube Deck of John Day Dam, February 1998

The TDG instruments were deployed in the forebay of John Day (station FB1P) and in
the tailwater below powerhouse draft tube deck (station DTD1P and DTD2P), near the
fish outfall (FISHOUTP). The TDG pressure was logged on a 15-minute interval at each
of these stations throughout the testing period. All four stations recorded the same TDG
saturations throughout the testing period even during operating events calling for
spilling nearly the entire river on February 11 and February 12. The TDG pressure from
the forebay and tailwater FMS's should also be similar during periods of no spill
provided that these stations are sampling water with similar water temperatures. In
cases where a turbine aspirates air or air is injected into a turbine to smooth out
operation, the above assumption will not hold.
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Spillway TDG Exchange

The TDG exchange associated with spillway flows has been found to be governed by
the geometry of the spillway (standard or modified with flow deflector), unit spillway
discharge, and depth of the tailrace channel. The independent variable used in
determining the exchange of TDG pressure in spillway releases is the delta TDG
pressure (DP) defined by the difference between the TDG pressure (R,,) and the local

barometric pressure (P, ) as listed in Equation 5. The selection of TDG pressure as

expressed as the excess pressure above atmospheric pressure accounts for the variation
in the barometric pressure as a component of the total pressure.

DP =P

tdg

- P

atm

Equation 5

Restating the exchange of atmospheric gases in terms of mass concentrations introduces
a second variable (water temperature) into the calculation. The added errors in
calculating the TDG concentration as a function of temperature and TDG pressure were
the main reasons for using pressure as the independent variable. The TDG
concentration would also vary seasonally with the change in water temperature.

The TDG pressure is often summarized in terms of the percent saturation or
supersaturation. The TDG saturation (S, ) is determined by normalizing the TDG

pressure by the local barometric pressure as expressed as a percentage. The delta
pressure has always been found to be a positive value when spillway flows are
sampled. The TDG saturation (§,) is determined by Equation 6.

Py + DP)

P
Sdg :ﬂ*lm :( atm

atm atm

*100 Equation 6

Unit Spillway Discharge

The TDG exchange associated with spillway flows has been found to be a function of
unit spillway discharge (q,) and the tailrace channel depth (D, ). The unit spillway

discharge is a surrogate measure for the velocity, momentum, and exposure time of
aerated flow associated with spillway discharge. The higher the unit spillway
discharge, the greater the TDG exchange during spillway flows. An example of the
dependency between the change in TDG pressure and unit spillway discharge is shown
in figure 2 at Ice Harbor Lock and Dam (lce Harbor).
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Figure 2: TDG Pressure (Delta P) as a Function of Unit Spillway Discharge and
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Tailwater Elevation at Ice Harbor Dam, March 1998.

This figure shows two sets of tests involving a uniform spill pattern over eight bays
with flow deflectors. The two sets of tests were distinguished only by the presence of
powerhouse releases. In both cases, the resultant spill TDG pressure was found to be an
exponential function of the unit spillway discharge. The determination of a single
representative unit discharge becomes problematic in the face of a non-uniform spill
pattern. The flow-weighted specific discharge was found to be a better determinant of
spillway TDG production in cases where the spill pattern is highly non-uniform. The
flow-weighted unit discharge places greater weight on bays with the higher discharges.
The following Equation 7 describes the determination of the specific discharge used in
the estimation of TDG exchange relationships:

gb

aq
Qs =% —

aeq

i=1

Equation 7
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Depth of Flow

The large amount of energy associated with spillway releases has the capacity to
transport entrained air throughout the water column. In many cases, the depth of flow
is the limiting property in determining the extent of TDG exchange below a spillway.
An example of the influence of the depth of flow on TDG exchange is shown in figure 2
at Ice Harbor. The only difference between the two sets of data in this figure was the
presence of powerhouse flow. The events with powerhouse flow resulted in higher
TDG pressure than comparable spill events without powerhouse releases at higher
spillway flows. The observed tailwater elevation is also listed in figure 2 for each test
event. The tailwater elevation was about five feet higher during the events
corresponding with powerhouse operation. The depth of flow in the tailrace channel
was hypothesized to be more relevant to the exchange of TDG pressure than the depth
of flow in the stilling basin because of the influence of the flow deflectors and resultant
surface jet, and the high rate of mass exchange observed below the stilling basin. The
average depth of flow downstream of the spilling basin was represented as the
difference between the tailwater elevation as measured at the powerhouse tailwater
gauge and the average tailrace channel elevation within 300 feet of the stilling basin.
The tailrace channel reach within 300 feet of the stilling basin was selected because most
of the TDG exchange (degassing) occurs in this region. A summary of project features at
the time of the Corps DGAS study are listed in Table 1, including stilling basin
elevation, deflector elevation, and tailrace channel elevation.

Table 1 Columbia River and Snake River Project Features

Project Spillway | Deflector | Stilling Tailwater | Minimum | Normal
Crest Elevation | Basin Channel Operating | Tailwate
Elevation | (ft) Elevation | Elevation | Pool (ft) r Pool (ft)
(1) (1) (1)

Bonneville | 24 14 -16 -30 70 20

The Dalles | 121 NA 55 58 155 80

John Day | 210 148 114 125 257 162

McNary 291 256 228 235 335 267

Source: U.S. Army Corps of Enginneers DGAS Study, Appendix G, p. G-8 (USACE, 2001)

The functional form of the relationship between the change in TDG pressure change
and the prominent dependent variables unit spillway discharge and tailrace channel
depth of flow, takes the same form as the exponential formulation shown in Equation 3.
The delta TDG pressure was found to be a function of the product of the depth of flow
and the exponential function of unit spillway discharge as shown in Equation 8.

27

Draft Lower Columbia TDG TMDL

10/29/01



DP=C,D,,(1- e“*)+C, Equation 8

The coefficients C , C,, and C, were determined from nonlinear regression analyses.
The product of C, and the tailwater depth ( D,,) represents the effective saturation
pressure in Equation 3 while the product of C, and the unit spillway discharge (q,)

reflects the combined contribution from the mass exchange coefficient, ratio of surface
area to control volume, and time of exposure.

A second formulation used in this study relating the delta TDG pressure and
independent variable involves a power series as shown in Equation 9. This equation can
also result in a linear dependency between the delta TDG pressure and either tailwater
depth or unit spillway discharge. A linear dependency in the tailwater depth occurs
when C,=1and C,=0. A linear dependency between TDG pressure and unit spillway

discharge occurs when C,=0 and C,=1.

DP=C,DqS +C, Equation 9

Entrainment of Powerhouse Flow

The interaction of powerhouse flows and the highly aerated spillway releases can be
considerable at many of the projects. Observations of the flow conditions downstream
of projects where the powerhouse is adjacent to the spillway often indicate a strong
lateral current directed toward the spillway. The presence of Bradford and Cascade
Islands at Bonneville eliminates the potential entrainment of powerhouse flow into
aerated spillway releases. The clearest example of the influence of the entrainment of
powerhouse flow on TDG exchange was documented during the near-field TDG
exchange study at Little Goose. The study at Little Goose was conducted during
February 1998 when the ambient TDG saturation in the Snake River ranged from 101 to
103 percent. The test plan called for adult and juvenile fish passage spill of up to 60 kcfs
with the powerhouse discharging either 60 kcfs or not operating. The cross-sectional
average TDG pressure in the Snake River below Little Goose was determined from
seven separate sampling stations located across the river from the tailwater FMS. The
project operations and resultant TDG saturation are summarized in figure 3 where the
observations from the forebay and tailwater FMS's are shown as LGS and LGSW, the
cross-sectional average TDG saturation at the tailwater FMS is labeled T5,,;, and the

flow-weighted average TDG saturation assuming no entrainment of powerhouse flow
is labeled FWA (flow-weighted average). The TDG saturation estimated by assuming
that powerhouse releases were available to dilute spillway flows during this test (FWA)
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were significantly less than estimates derived from averaging information from the
seven sampling stations at the tailwater FMS (T5_ ). This study demonstrated that

avg
nearly all of the powerhouse flows from Little Goose were entrained and acquired TDG
pressures similar to those in spillway flows during this study. The circulation patterns
below the dam during the test clearly supported the TDG data indicating high rates of
entrainment of powerhouse flows into the stilling basin.

Figure 3: Project Operation and TDG Saturation at Little Goose Dam, February 1998
(T5,,, Average TDG Level at Tailwater FMS, LGS- Forebay FMS, LGSW- Tailwater

FMS, FWA- Flow Weighted Average Assuming No Entrainment)
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The entrainment of powerhouse flow was modeled as a simple linear function of
spillway discharge. The relationship shown in Equation 10 was used to estimate the
entrainment discharge for each project. The coefficients C, and C, are project-specific
constants. The entrainment of powerhouse flow was assumed to be exposed to the same
conditions that spillway releases encounter and, hence, achieve the same TDG
pressures.
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Q. =CQ, +C, Equation 10

The loading capacity of the river segments identified for this TMDL are the water
quality standard, namely 110 percent of saturation relative to atmospheric pressure.

Analysis of TDG Loading Capacity

Linkage of TDG Loading to the Criteria

As discussed above, the fundamental process that elevates TDG is gas transfer between
the air and water at the boundary of entrained bubbles, driven by differential gas
pressures. For any given spill volume and tailwater depth, the excess pressure over
ambient barometric pressure, DP, can be predicted. The mass loading of air that is
associated with any given DP will depend on water temperature. However this mass
loading is of less importance than DP, since it is DP that drives whether Gas Bubble
Trauma will occur. For these reasons, using excess pressure rather than mass loading is
appropriate for this TMDL, and is supported by the Clean Water Act’s allowance for the
use of “other appropriate measures” in the development of TMDLs.

To determine the TMDL loading capacity, DP can be directly related to the TDG water
quality criteria, as describe in Equation 6:

(Pam +DP)
Sy = ~—am_— 2*100

atm

If S, is set at the criterion of 110% saturation, the equation can be rearranged to
establish a DP loading capacity (DP,):

DR. =P,,*0.1
To choose a critical barometric pressure P, for establishing a loading capacity, the 95t

percentile low pressure was determined. This pressure varies from 743 mm Hg at the
McNary forebay to 754 mm Hg in the Bonneville tailwater. Therefore, the loading
capacity for the lower Columbia River is set to DP of 75 mm Hg.

Point of Compliance

The point of compliance for loading capacity will be at the end of the aeration zone in
the tailrace of each dam. The points of compliance for each of the four dams are shown
in Table __. The forebay of McNary dam must also comply with the loading capacity,
which will be in the TMDLSs for the Mid Columbia and Lower Snake Rivers.

Table . Points of Compliance for TDG Loading Capacity

Project Distance below end of spillway
McNary Dam 1000 feet!
John Day Dam 1700 feet?
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The Dalles Dam 600 feet3

Bonneville Dam 1700 feet4

IWilhelms and Schneider, 1997b
2Schneider and Wilhelms, 1999
3Schneider and Wilhelms, 1996
4Wilhelms and Schneider, 1997a

The water quality standards for the States of Washington and Oregon provide an
allowance for a mixing zone, and compliance with standards is required at the
boundary of the mixing zone. The point of compliance is based on application of the
mixing zone to the aerated zone immediately below the spillways of the dams in the
TMDL area. There are several reasons that use of a mixing zone is appropriate in this
situation:

TDG levels rise immediately below the spillway, but then degas for some

distance downstream. The points of compliance were determined from Corps

research which identified the location where degassing was mostly complete.

This is a local area of impact with very dynamic conditions.

Because the area below the spillway is very dynamic, TDG levels are difficult to

accurately assess.

Extensive fisheries research has shown that anadromous fish are able to pass

through this area below the spillway quickly without will ill effects.

Because of the turbulent flow associated with the spill, no resident fish habitat is

available in this area.

Provision of a mixing zone and deviation from the size requirements are

appropriate because of the public interest in ensuring that water quality

standards are applied appropriately to the dam projects.

Identification of Sources

There are four sources of total dissolved gas within the geographic scope of this TMDL.
They are:

McNary Dam;

John Day Dam;

The Dalles Dam; and
Bonneville Dam

ElN A

Water entering the State of Oregon and the State of Washington at times exceed the
TDG standard. The State of Washington numeric criteria for total dissolved gas is
identical to that of the State of Oregon. This TMDL addresses those loads of total
dissolved gas introduced by dams on the lower Columbia River that fall within the
State of Oregon.
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Analysis of Current Conditions

Data Sources

TDG data were available on many of the projects from several sources: the Fixed
Monitoring System (FMS), near field and spillway performance tests, and in-pool
transport and dispersion tests. Operational data were obtained from each project
detailing the individual spillway and turbine discharge on an interval ranging from five
minutes to one hour. These sources of data are discussed below. With these data
sources, the most appropriate analysis was selected for each project. Individual
mathematical relationships were developed on a project-by-project basis.

The FMS Data

The TDG data from the FMS's consisted of remotely monitored TDG pressure,
dissolved oxygen (DO), water temperature, and atmospheric pressure from a fixed
location in the forebay and tailwater of each project. Data from the FMS's provide a
continuous record of TDG throughout the season, capturing detailed temporal and
extreme events. However, the FMS's provide only limited spatial resolution of TDG
distribution. In some cases, the TDG observed in the tailwater at the FMS location was
not representative of average spillway conditions and misrepresented the TDG loading
ata dam.

Spillway Performance Tests and Near-Field Studies

Spillway performance tests and near-field tailwater studies were conducted at several
projects to define the relationship between spill operation and dissolved gas production
more clearly. Water temperature, TDG, and DO were monitored in the immediate
tailrace region, just downstream of the project stilling basin. These observations
provided a means to relate the local TDG saturation to spill operations directly, and to
define gas transfer in different regions of the tailrace area. Manual sampling of TDG
pressures in spillway discharges from several bays was conducted downstream of the
aerated flow regime at Lower Granite Lock and Dam, Little Goose Lock and Dam, Ice
Harbor, and The Dalles (Wilhelms 1995); and John Day, Lower Monumental Lock and
Dam, and Bonneville Lock and Dam (Wilhelms, 1996). In these studies, automated
sampling of TDG pressures in spillway discharges during uniform and standard spill
patterns was conducted with an array of instruments in the stilling basin and tailwater
channel of all the projects in the study area with the exception of Lower Granite.
Automated sampling of TDG levels provide the opportunity to assess three-
dimensional characteristics of the exchange of TDG immediately downstream of the
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stilling basin on a sampling interval ranging from five to 15 minutes. The integration of
the distribution of flow and TDG pressure can yield estimates of the total mass loading

associated with a given event. These tests were of short duration, generally lasting only
several days, and, therefore, pertain to the limited range of operations scheduled during
testing.

In-Pool Transport and Dispersion Studies

During the 1996 spill season, in-pool transport and dispersion investigations were
conducted to define the lateral mixing characteristics between hydropower and
spillway releases. Water temperature, TDG levels, and DO were measured at several
lateral transects located over an entire pool length. These studies focused on the lateral
and longitudinal distribution of TDG throughout a pool during a period lasting from a
few days to a week. In-pool transport and mixing studies were conducted below Little
Goose, Lower Monumental, Ice Harbor, John Day, The Dalles, and Bonneville during
the 1996 spill season. In most cases, a lateral transect of TDG instruments was located
below the dam to establish the level of TDG entering the pool, with additional transects
throughout the pool. These studies provided observations of the TDG saturation in
project releases as they moved throughout an impoundment. However, only a limited
range of operations was possible during the relatively short duration of these tests.

Operational Data

Operational data were obtained from each project detailing the spillway and
powerhouse unit discharge on time intervals ranging from five minutes to one hour.
The average hourly total spillway and generation releases, and forebay and tailwater
pool elevations were summarized in the DGAS database. The tailwater pool gauge was
generally located below the powerhouse of each dam. The tailwater elevation at the
powerhouse was found to be within one foot of the water elevation downstream of the
stilling basin in most instances.

Data Interpretation

The objective of this analysis was to develop mathematical relationships between
observed TDG and operational parameters such as discharge, spill pattern, and
tailwater channel depth. These relationships were derived with observations from the
FMS's and spillway performance tests. However, before the analysis could be
conducted, the monitored data had to be evaluated to determine its reliability for this
kind of analysis. For example, the monitored TDG data from the FMS's provide a basis
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for defining the effects of spillway operation on dissolved gas levels in the river below a
dam, but the following limitations should be noted:

a. The FMS's sample water near-shore, which may not reflect average TDG levels of
the spill. The monitor sites were, in general, located on the spillway side of the
river to measure the effects of spillway operation. However, with a non-uniform
spill distribution and geometry across the gates of the spillway, the FMS may be
more representative of the spillbays closest to the shore. Outside spillbays,
without flow deflectors can create elevated TDG levels downstream from these
bays compared to adjacent deflectored bays. A spill pattern that dictates higher
unit discharges on these outside bays can further elevate the TDG levels
downstream of these bays relative to the releases originating from the
deflectored interior bays.

b. Depending upon the lateral mixing characteristics, the FMS('s) downstream of a
project may be measuring spillway releases that have been diluted with
hydropower releases. The tailwater FMS's below The Dalles and Bonneville are
located in regions where substantial mixing has occurred between generation
and spillway discharges. Under most conditions, the TDG saturation of
generation releases is less than the TDG level associated with spillway releases.
The TDG at the tailwater FMS's will be a function of the discharge and level of
TDG from both generation and spillway releases. Obviously, if there is no spill,
then the monitored TDG levels will reflect the TDG saturation released by the
hydropower facility.

c. Passage of generation flows through a power plant does not significantly change
the TDG levels associated with this water. However, there can be a significant
near-field entrainment of powerhouse flow by spillway releases at some projects,
especially if flow deflectors are present. Observed data suggest that, under these
conditions, some portion of the powerhouse discharges will be subjected to the
same processes that cause absorption of TDG by spillway releases. In these cases,
the TDG levels measured immediately downstream of a spillway will be
associated with the spillway release plus some component of the powerhouse
discharge.

The observations of tailwater TDG pressure need to be paired up with project
operations to conduct an evaluation of the data. A set of filters or criteria were
established to select correctly-paired data for inclusion in this analysis. The travel time
for project releases from the dam to the tailwater FMS was typically less than two hours
and steady-state tailwater stage conditions were usually reached within this time
period. Thus, the data records were filtered to include data pairs corresponding with
constant operations of duration greater than two hours to exclude data corresponding
with unsteady flow conditions. This filtering criterion eliminated data associated with
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changing operations and retained only a single observation for constant operating
conditions equal to three hours in duration.

1.

Manual and Automated Inspections for Obviously Inaccurate Observations.

An automated search for values above or below expected extremes identified
potential erroneous and inaccurate data in the database. These data were inspected
and, if appropriate, excised from the database.

Comparison of Measurements from Forebay and Tailwater Instruments During
Non-Spill Periods. During the non-spill periods, downstream measurements should
approach the forebay concentration when only the hydropower project is releasing
water. Inspection of the data was conducted to identify errors when this condition
was not met.

Comparison of Measurements from Redundant Tailwater TDG Monitors, if
Available. TDG tailwater data was rejected when measurements of two instruments
at the same site varied by more than three percent saturation.

McNary Dam

The TDG Exchange

A TDG exchange field investigation was conducted at McNary during February 11-13,
1996, with the study summarized in Wilhelms and Schneider (1997a). The study
consisted of sampling TDG pressures below the spillway during spillway discharges
ranging from 50 to 285 kcfs. Two different spill patterns were investigated during this
study - standard and uniform. The study findings indicated that the TDG production
was directly related to the unit spillway discharge. The TDG saturation ranged from 108
to 135 percent during the study for unit spillway discharges ranging from two to 17
kcfs/bay. The influence of the operation of spillway bays without flow deflectors was
found to increase the TDG exchange for comparable unit spill discharges. The relatively
small total river flows and associated range in tailwater elevations resulted in test spill
conditions corresponding with tailwater elevations ranging from 265.5 to 269.0 feet
above mean sea level (fmsl).

Regression

The TDG production during spillway releases from McNary, as defined by

.P=P,-P

was found to be a power function of tailwater depth and the specific

bar ?

discharge as shown in Equation 11. The regression equation was based on data collected
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during the 1997 spill season. The data filtering resulted in 172 observations. The delta
TDG pressure ranged from 81.9 mm Hg to a maximum value of 307.6 mm Hg as listed
in table 2. The range in unit spillway discharge ranged from 2.0 kcfs/bay to 21.9
kcfs/bay and the tailwater depth ranged from 30.8 to 40.5 feet.

DP = D>*?*° +82.14 Equation 11

Where:

DP = th' Pbar

P, = TDG pressure at the tailwater FMS (mm Hg)

o} = Flow-weighted unit spillway bay discharge (kcfs/bay)

D, = Tailrace channel depth (feet) (E,, - E,,)

E. = Elevation of the tailwater (ft)

E, = Average elevation of the tailrace channel (320 fmsl)

P, = Barometric pressure at the tailwater FMS (mm Hg)

Table 2: Statistical Summary of Regression Variables for McNary Dam

Delta Pressure DP | Unit Spillway Tailwater Depth
(mm/Hg) Discharge q, (ft) D,
(kcfs/bay)

Number 173 173 173

Minimum 81.9 2.0 30.8

Maximum 307.6 21.9 40.5

Average 191.6 11.7 35.0

Standard Deviation | 53.0 5.4 2.2

Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-29

The unit spillway discharge was plotted against the observed and calculated tailwater
TDG pressure difference in figure 4.

Figure 4: Unit Spillway Discharge versus Total Dissolved Gas Pressure Above

Barometric Pressure at McNary Dam, 1997
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The near linear relationship between the TDG pressure and unit discharge is evident in
this figure as the TDG pressure continues to increase as the specific unit discharge
becomes large. Much of the variability in the TDG pressure for a constant unit discharge
can be accounted for by the variation in the tailrace channel depth. All of the

coefficients determined by the nonlinear regression analysis were significant to the 99
percent confidence interval as shown in table 3. This formulation explained much of the
variability in the data with an r?of 0.97 and a standard error of 9.25 mm Hg.

Table 3. Statistical Summary of Nonlinear Regression at McNary 1997 Spill Season

DP = DZg% +¢c3
Number of Observations n=173
r’=0.97
Std Error = 9.26 mm Hg
Coefficient Estimate from | Standard Error | t-statistic Probability
Regression
C, 0.647 0.0693 12.71 <0.0001
C, 0.969 0.0762 9.35 <0.0001
C, 82.14 5.89 14.08 <0.0001
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Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-29

A review of the regression coefficients in Equation 11 reveals that the TDG exchange is
relatively insensitive to the variation in the depth of flow below McNary. The response

surface for TDG pressure above atmospheric pressure as a function of both unit
spillway discharge and tailwater stage is shown in figure 5

Figure 5: Unit Spillway Discharge, Tailwater Elevation, and Total Dissolved Gas
Pressure Above Barometric Pressure at McNary Dam, 1997
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The response function as defined in Equation 11 was used to create a hindcast of the
TDG production observed during the 1997 spill season. The hourly project operation
and TDG saturation at the McNary FMS's for the month of June 1998 are shown in

figure 6 along with the estimates of TDG saturation based on Equation 3.

Figure 6: Observed and Estimated Total Dissolved Gas Saturation at the Tailwater Fixed

Monitoring Station at McNary Dam, May 1997. (MCQO/ MCQW= Observed Forebay
TDG, MCPW= Observed Tailwater TDG, MCPW- cal =Calculated Tailwater TDG, QR=
Hourly Total River Flow, QS= Hourly Spillway Flow)
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In general, the estimated TDG saturation was generally within one percentage point of
the observed tailwater TDG saturation. The maximum daily spillway discharge
remained constant during much of the month of June with little variation in the
production of TDG saturation. The forebay TDG level however, varied. The TDG
performance of the spillway bays without flow deflectors was needed to derive the
TDG exchange from the exiting spillway. Spillway bays 1, 2, 21, and 22 do not have
flow deflectors and are typically operated by raising only the upper leaf of the split leaf
vertical gates. This operation results in a jet that plunges into the stilling basin as a fully
aerated nap. It should be noted that bay 22 is not typically operated due to absence of a
dedicated gate hoist.

The results from the near-field TDG exchange test were used to estimate the TDG
exchange characteristics of standard spillway bays. The TDG production resulting from
uniform spill flows from bays 3 through 20 (bays with flow deflectors) was subtracted
from the TDG response for the standard spill pattern. The difference in the delta TDG
pressure generated between these curves was divided by the discharge from the
spillway bays 1, 2, and 21 to arrive at the response relation listed in Equation 12. A
linear relationship between the unit spillway discharge and delta TDG pressure was
estimated for these end bays at McNary. The non-deflectored bays generated TDG
saturation about ten percent greater on average than deflectored bays.
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DP =11.35,,+143.1 Equation 12

Powerhouse Entrainment

Estimates of the entrainment of powerhouse flows into spillway discharge were not
available from this study because of the limited amount of powerhouse discharge and
the absence of flow distribution information. Since direct determination of the
entrainment of powerhouse flows into the highly aerated conditions below McNary
were not practical, it was assumed for this study that the entrainment characteristics of
McNary were similar to John Day. The estimates of the entrainment of powerhouse
flows was estimated to average 35 kcfs at McNary and to be independent of the total
spillway discharge.

John Day Dam

The TDG Exchange

The installation of spillway flow deflectors at John Day was completed during the
winter of 1997-98. Deflectors were installed in spillway bays two through 19 at elevation
148 fmsl. The flow deflectors significantly changed the TDG exchange properties of
releases from John Day. A detailed near-field study of TDG exchange below John Day
was conducted during February 10-12, 1998, as described by Schneider and Wilhelms
(1999a). The study consisted of sampling TDG pressures below the stilling basin during
spillway discharges ranging from 36 to 246 kcfs. Several different spill patterns were
investigated during this study - uniform bays two through 19, uniform bays one
through 20, provisional standard spill pattern, and uniform bays ten through 19. The
study findings indicated that the TDG production was directly related to the unit
spillway discharge. The TDG saturation was found to be an exponential function of unit
spillway discharge with 115 percent saturation associated with a unit spillway
discharge of four kcfs/bay and 120 percent saturation generated for a unit spillway
discharge of nine kcfs/bay for the uniform spill pattern. The main limitation of this
TDG exchange study was the small range in tailwater elevations (158.4 to 161.3 fmsl).

The influence of standard operating conditions on TDG exchange was further
investigated through analyzing the TDG exchange indicated by the FMS during the
1998-spill season. These conditions involved the newly adopted spill pattern, a wider
range in tailwater elevation, and both fish passage and involuntary spill discharges. The
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observed TDG data at the John Day tailwater FMS were used to generate a description
of TDG exchange. The filtering of this data resulted in a total of 51 observations as
summarized in table 4. The observed delta pressure ranged from 108 mm Hg to 184.0
mm Hg for these 51 events. The unit spillway discharge was found to range from 4.3 to
9.4 kcfs/bay and the tailwater depth was found to range from 33.6 to 42.4 feet.

Table 4: Statistical Summary of Regression Variables

Delta Pressure DP | Unit Spillway Tailwater Depth
(mm/Hg) Discharge q, D,, (ft)
(kcfs/bay)

Number 52.0 52.0 52.0

Minimum 108.0 4.3 33.8

Maximum 184.0 94 42.4

Average 152.7 7.1 38.7

Standard Deviation | 16.7 1.2 1.9

Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-31

The functional relationship between TDG production and project operation at John Day
was similar to those relationships derived for upper Snake River projects. The delta
TDG pressure, as defined by DP =R, - P, , was found to be proportional to the product

bar !
of tailwater depth and an exponential function of the specific discharge as shown in
Equation 13. Both of the coefficients determined by the nonlinear regression analysis
were significant to the 99 percent confidence interval as shown in table 5. This
formulation explained much of the variability in the data with an r* of 0.84 and a
standard error of 6.8 mm Hg.

DP = 4.969D, (1- & %%#7™%) Equation 13

Where:
DP = PtW - Pbar
P, = TDG pressure at the tailwater FMS (mm Hg)
o} = Unit spillway bay discharge (kcfs/bay)
D, = Tailrace channel depth (feet) (Etw-Ech)
Ew = Elevation of the tailwater (fmsl)
E, = Average elevation of the tailrace channel (125 fmsl)
P, = Barometric pressure at the tailwater FMS (mm Hg)
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Table 5: Statistical Summary of Nonlinear Regression at John Day 1998 Spill Season
(Bays 2 Through 19 With Flow Deflectors)

DR, =C,* D, * (1- exp(C,* q,))

Number of observations n=51

r’=0.84

Std. Error=6.78 mm Hg

Coefficient Estimate from | Standard Error | t-statistic Probability
Regression

C, 4.969 0.192 25.908 <0.0001

C, -0.2278 0.0221 10.3069 <0.0001

Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-32

The unit spillway discharge was plotted against the observed and calculated tailwater
TDG pressure above the local barometric pressure as shown in figure 7.

Figure 7: Unit Spillway Discharge versus Total Dissolved Gas Pressure Above
Barometric Pressure John Day Dam, 1998.
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The exponential relationship between the TDG pressure and specific discharge is not as
clearly defined at John Day as at other projects with this functional form. Much of the
variability in the TDG pressure for a constant unit discharge can be accounted for by the
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variation in the tailrace channel depth. Equation 13 can be solved directly for the unit
specific discharge assuming a delta pressure of 150 mm Hg (120 percent saturation) and
a tailwater depth of 35 feet. The resultant unit spillway discharge of about nine
kcfs/bay is the solution to this equation. This unit spillway discharge was similar to the
spillway capacity determined during the near-field TDG exchange study.

The three-dimensional response surface for Equation 13 is shown in figure 8 along with
the observed data.

Figure 8: Unit Spillway Discharge, Tailwater Elevation, and Total Dissolved Gas
Pressure Above Barometric Pressure at John Day Dam, 1998
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The TDG pressure increases for a constant unit spillway discharge as the tailrace
channel depth increases. The influence of the tailwater depth is significant as evidenced
by the slope in the response surface for a constant unit discharge. The upper limit in
delta TDG pressure will continue to increase with increasing tailwater elevation. The

TDG response during fish passage spill conditions will be different than a comparable
spill discharge at a much higher total river flow.

The tailwater TDG saturation as approximated by Equation 13 was used to create a
hindcast of the TDG production observed during the 1998 spill season below John Day.
The hourly project operation and TDG saturation at the John Day tailwater FMS's

(JHAW) for the months of May and June 1998 are shown in figure 9 along with
estimates of the tailwater TDG saturation (JHAW-est).
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Figure 9: Observed and Estimated Total Dissolved Gas Saturation at the Tailwater Fixed
Monitoring Station at John Day Dam, May- June 1998. (JDA= Observed Forebay TDG,
JHAW= Observed Tailwater TDG, JHAW- est =Calculated Tailwater TDG, QR= Hourly
Total River Flow, QS= Hourly Spillway Flow)
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In general, the estimated average TDG saturation was generally within seven mm Hg of
the observed tailwater TDG pressure. The operating conditions during May 1998 depict
both fish passage and involuntary spill conditions. The spill discharges were as high as
230 kcfs for total river flows over 400 kcfs, resulting in tailwater TDG saturation of
about 126 percent. The nighttime-only spill operations during the last two weeks of
June imply fish passage spill conditions. Note the range in TDG response for the
constant nighttime spill operations during this period. The nighttime spill on June 21
corresponded with elevated total river flows and high tailwater conditions resulted in
TDG saturation exceeding 121 percent. A comparable spill two days later during much
lower total river flow and tailwater stage conditions resulted in TDG saturations of only
119 percent.

Regression

John Day has two spillway bays without flow deflectors. The TDG response of these
two bays were estimated using tailwater TDG pressures observed prior to the
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installation of the 18 flow deflectors during the 1996 and 1997 spill seasons. A total of
1,137 hourly observations were pooled from the 1996 and 1997 spill seasons. The
presence of two flow deflectors located in bays 18 and 19 during the 1997 spill season
were not thought to influence the TDG response at the tailwater FMS below John Day .
The delta pressure for these events ranged from 84 to 324 mm Hg as shown in table 6.
The unit spillway discharge ranged from 1.8 to 15.3 kcfs/bay and the tailwater depth
ranged from 35.6 to 46.7 feet during this sample period.

Table 6: Statistical Summary of Regression Variables

Delta Pressure DP | Unit Spillway Tailwater Depth
(mm Hg) Discharge q, D,, (ft)
(kcfs/bay)
Number 1137.0 1137.0 1137.0
Minimum 84.0 1.8 35.6
Maximum 324.0 15.3 48.7
Average 223.0 5.8 41.1
Standard Deviation | 64.6 3.0 2.3

Source: U.S. Army Corps of Engineers DGASD Study, Appendix G, p. G-33

The delta pressure of a standard spillway bay at John Day was determined to be a
function of the unit spillway discharge. The functional form of this relationship is
shown in Equation 14 where a threshold delta pressure of 315.3 mm Hg is approached
for large unit spillway discharges as shown in figure 10.

Figure 10: Observed and Calculated Delta TDG pressure at John Day Dam( Standard
Spillway — no Deflector)
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The maximum TDG saturation generated by this relationship approaches 141 percent
for a barometric pressure of 760 mm Hg. All of the coefficients determined by the
nonlinear regression analysis were significant to the 99 percent confidence interval as
shown in table 7. This formulation explained much of the variability in the data with an
r? of 0.94 and a standard error of 15.9 mm Hg. The TDG exchange for a known spill
pattern using bays with and without flow deflectors can be estimated by using both
Equations 13 and 14. The average TDG pressure associated with a spill discharge would
be determined by calculating a flow-weighted average of the individual spillway bay
responses.

DP = 315.29- 519.09¢ **°% Equation 14

Table 7: Statistical Summary of Nonlinear Regression at John Day 1996-1997 Spill
Season

DR, =C,- C,* (exp(C,* q.))

Number of observations = 1137

r’=0.94

Std. Error = 15.95 mm Hg

Coefficient Estimate from | Standard Error | t-statistic Probability
Regression

C, 315.29 1.647 191.48 <0.0001

C, -519.09 10.3867 -49.975 <0.0001
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C, -0.3649 0.0084 -43.38 <0.0001
Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-34

Powerhouse Entrainment

The entrainment of powerhouse flows into the highly aerated flow conditions below
John Day was estimated from data collected during the 1998 spillway TDG exchange
study (Schneider and Wilhelms, 1999a). The average TDG pressure of project and
spillway releases was used with a simple mass balance statement of project flows to
provide estimates of the effective spillway discharge and entrainment of powerhouse
flows. The estimates of the entrainment of powerhouse flows were found to range from
five to 60 kcfs average and average about 35 kcfs. The powerhouse entrainment
discharge was not found to vary as a function of the total spillway discharge.

The Dalles Dam

The TDG Exchange

A TDG exchange field investigation was conducted below The Dalles during August
28-29, 1996, with the study summarized in Schneider and Wilhelms (1996a). The study
consisted of sampling TDG pressures below the spillway during spillway discharges
ranging from 50 to 200 kcfs. Three different spill patterns were investigated during this
study--adult, juvenile, and uniform spill patterns. The study findings indicated that the
TDG production was weakly related to the unit spillway discharge. The TDG saturation
ranged from 119 to 124 percent during the study for unit spillway discharges ranging
from two to 14 kcfs/bay. The influence of the spill pattern was found to be accounted
for by representing the total spillway discharge as defined by unit spillway bay
discharge. The main limitation of this TDG exchange study was the small range in
tailwater elevation (75.7 to 78.3 fmsl).

Regression

The high river flows and spillway discharges during 1997 generally fell outside of the
range of conditions scheduled during the 1996 spillway performance test. The
application of the TDG production relationship determined during the 1996 near-field
study did not replicate TDG conditions observed below The Dalles during the 1997 spill
season. The observed TDG data at The Dalles from the forebay and tailwater FMS were
used to generate an alternative description of TDG exchange. The TDG pressures
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observed at the forebay FMS were assumed to represent the conditions discharged from
the powerhouse. The TDG pressures observed at the tailwater FMS were assumed to
reflect the average TDG pressures in the Columbia River. The TDG properties of
spillway discharge were estimated by performing a simple mass balance of project
releases. The hourly data were filtered to retain only those data having constant project
operations for a six hour duration. This criterion was selected to allow steady-state
conditions to develop at the tailwater FMS located three miles downstream of the
project. This criterion also allowed the inclusion of a single datum for each extended
event. This data filtering resulted in a total of 87 observations as summarized in table 8.
The estimated delta pressure ranged from 143.3 mm Hg to 203.6 mm Hg for these 87
events. The unit spillway discharge was found to range from 4.3 to 19.0 kcfs/bay and

the tailwater depth was found to range from 8.3 to 23.3 feet.

Table 8 Statistical Summary of Regression Variables

Delta Pressure DP | Unit Spillway Tailwater Depth
(mm Hg) Discharge q, D,, (ft)
(kcfs/bay)

Number 87.0 87.0 87.0

Minimum 143.3 4.3 8.3

Maximum 206.6 19.0 23.3

Average 178.4 9.6 14.5

Standard Deviation | 14.1 3.6 3.6

Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-35

The spillway releases from The Dalles, as defined by DP =R,

- P, was found to be

proportional to the product of tailwater depth and the specific discharge as shown in
Equation 15. The regression equation was based on data collected during the 1997 spill
season. The data filtering resulted in a total of 87 independent observations. The unit
spillway discharge was plotted against the estimated and calculated tailwater delta
TDG pressure in figure 11.

Figure 11 Unit Spillway Discharge versus Total Dissolved Gas Pressure Above
Barometric Pressure at The Dalles Dam, 1997
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The form of the relationship shown in Equation 15 implies the TDG exchange for small
spillway discharge will exceed 120 percent as was observed during the 1996 near-field
investigation. All of the coefficients determined by the nonlinear regression analysis
were significant to the 99 percent confidence interval as shown in table 9. This
formulation explained much of the variability in the estimated dependent variable with
an r® of 0.735 and a standard error of 7.3 mm Hg.

DP = D, *q2* +145.9 Equation 15

Table 9 Statistical Summary of Nonlinear Regression at The Dalles 1997 Spill Season

DR, = Dyal* +C;

Number of observations = 87

r’=0.735

Std. Error = 7.34 mm Hg

Coefficient Estimate from | Standard Error | t-statistic Probability
Regression

C, 1.02 0.12 2.69 <0.0086

C, 0.33 0.12 8.72 <0.0001

C, 145.9 2.21 66.11 <0.0001

Source: U.S. Army Corps of Engineers DGAS Study, Appendix G, p. G-36
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The dual dependency of the delta pressure change on tailwater depth and unit spillway
bay discharge is shown in figure 12.

Figure 12: Unit Spillway Discharge, Tailwater Elevation, and Total Dissolved Gas
Pressure Above Barometric Pressure at The Dalles Dam, 1997.
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This equation also indicates that the depth of flow accounts for most of the variability in
the increase in TDG pressure associated with spillway discharges. The increase in TDG
pressure was found to be a linear function of the depth of flow for a constant unit
spillway discharge. The tailrace channel depth is a function of the total river flow and
the pool elevation of the lower reservoir. This relationship couples the operation of the

powerhouse at The Dalles and the storage management in Bonneville pool to the TDG
production in spillway releases from The Dalles spillway.

The response function as defined in Equation 15 was used to create a hindcast of the
TDG production observed during the 1997 spill season. The hourly project operation
and TDG saturation at The Dalles tailwater FMS (TDDO) for the month of June 1997 are

shown in figure 13 along with the estimates of the flow-weighted TDG saturation (TW-
psat-est) released from The Dalles based on Equation 15 and observations of TDG

pressures in the forebay. In general, the estimated average TDG saturation was
generally within seven mm Hg of the observed tailwater TDG pressure.

Figure 13: Observed and Estimated Total Dissolved Gas Saturation at the Tailwater
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Fixed Monitoring Station at The Dalles Dam, June 1997.
(TDA= Observed Forebay TDG, TDDO= Observed Tailwater TDG, TW- psat- est
=Calculated Tailwater TDG, QR= Hourly Total River Flow, QS= Hourly Spillway Flow)

The maximum daily spillway discharge and percent of river spilled varied greatly
during June 1997, with spill discharges as high as 480 kcfs. The forebay TDG pressures
often were higher than the tailwater TDG pressures, implying a net reduction in TDG
conditions in the Columbia River as a result of the operation of The Dalles. The second
half of June found the TDG pressures below The Dalles larger than observed at the
forebay station, implying a net increase in TDG conditions in the Columbia River as a
result of the operation of The Dalles. The conditions during the latter half of June in
1997 reflect conditions more typical of fish passage spill conditions where spill at The
Dalles contributes to higher TDG loading in the Columbia River.

Powerhouse Entrainment

The entrainment of powerhouse water into the aerated spilling basin was assumed to be
zero at The Dalles. The powerhouse is located a considerable distance from the
spillway. The standard spillway design efficiently dissipates energy in the stilling basin,
which minimizes the potential to entrain flow laterally. The extent of aerated flow
generally does not extend downstream of the shallow shelf below the stilling basin. The
TDG exchange was not found to be large near the downstream limits of the shallow
tailwater shelf below the spillway (Schneider and Wilhelms, 1996a).
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Bonneville Dam

The TDG Exchange

A description of TDG exchange at Bonneville is needed to evaluate dissolved gas
abatement alternatives and develop a system model of TDG properties. The following
summarizes the findings of two TDG exchange studies conducted below Bonneville and
the TDG production relationships that were derived from this body of work. The first
study was conducted during February 1-4, 2000, and involved measuring TDG
pressures and velocities below the Bonneville spillway. The objective of this
investigation was to describe the TDG exchange processes associated with non-
deflectored bays, deflectored bays, and a combination of deflectored and non-
deflectored bays as dictated by the standard spill patterns. The second test was
conducted during May 7-June 7 and involved measuring TDG pressures near the exit of
the Bonneville spillway channel. The objective of this test was to investigate the role of
tailwater elevation changes on the exchange of TDG associated with spillway releases
during standard operating conditions.

The TDG pressures and flow distributions were measured near the exit of the
Bonneville spillway channel during the first week in February (Schneider, 1999). A total
of 11 TDG instruments were deployed across the channel at fixed locations and logged
TDG pressure, water temperature, DO, and instrument depth on a 15-minute interval.
The velocity field was also measured near this array of instruments using an Acoustic
Doppler Current Profiler. The TDG pressures were then integrated with the velocity
field to estimate the TDG loading produced during spillway operations.

The test conditions involved spillway flows over non-deflectored bays, deflectored
bays, and a combination of both deflectored and non-deflectored bays. A total of five
spill levels corresponding with gates setting of one, two, three, four, and five dogs were
investigated for four different spill patterns. The first day of testing utilized only non-
deflectored bays two, three, 16, and 17 (day one). The spill pattern for the second day of
testing involved only deflectored bays eight through 15 with spill flow uniformly
distributed (day two). The third day of testing involved a uniform pattern over
deflectored bays nine through 15, and non-deflectored bays 16 and 17 (day three). The
spill pattern tested on the fourth day involved the standard 1997 spill pattern (day
four).

The non-deflectored bays generated the highest TDG saturation for gate setting(s) up
through three dogs as shown in figure 14.
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Figure 14: TDG Saturation from Non- deflectored Bays at Exit of the Bonneville
Spillway Channel, February 1, 1999
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The steady-state TDG saturation at nine sampling stations on transect T3 located at the
mouth of the spillway channel are shown in this figure. The stations were labeled L1
through L9 from south to north along this transect. The flow-weighted TDG saturation
on this transect is labeled T3avg. During the two-dog setting, the non-deflectored bays
generated an average TDG saturation of 132 percent or about 12 percent greater than
the comparable flows during day two. The TDG saturation associated with non
deflectored bays remained constant for gate settings of two dogs and higher.

The TDG saturation response to the unit spillway discharge over only deflectored bays
was nearly linear for gate settings of one through four dogs. This relationship was
nearly identical to similar conditions measured during the initial Bonneville spillway
performance test (Wilhelms and Schneider, 1997b). The TDG saturation at two dogs was
observed to be about 120 percent on all 11 instruments located across the spillway exit
channel. Larger lateral gradients in TDG pressure were observed for higher discharges
over the deflectored bays as shown in figure 15

Figure 15: Observed Total Dissolved Gas Saturation below Bonneville Spillway during
Uniform Flow over Deflected Bays 8- 15, February 1- 4, 1999
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The TDG pressures generated with deflectored spillway releases were observed to be
greater than conditions for non-deflectored bays for spillway flows of four dogs and
higher.

A flow-weighted specific spillway discharge was determined for the standard spill
pattern because of the non-uniform distribution of flow. This representation of unit
spillway discharge places more importance on flows from bays with larger discharges.
The spill patterns during the five test conditions on day four are shown in figure 16.

Figure 16: Observed Total Dissolved Gas Saturation below Bonneville Spillway During
Standard Spill Patterns Over Deflected Bays 4- 15 and Non- Deflected Bays 2- 3, 16- 17,
February 1- 4, 1999
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The initial discharge of 50 kcfs on day four had a flow-weighted discharge of over 6
kcfs/bay due to the gap-toothed pattern where a highly non-uniform flow distribution
was used. The high percentage of flow over the non-deflectored bays resulted in nearly
a constant TDG saturation for the first three test conditions. The slope of the TDG
saturation and unit discharge curve approached conditions observed during the
uniform patterns on day 3 during spill over both deflectored and non-deflectored bays.
The TDG saturation associated with the standard spill pattern was 125 percent and
higher for all the test conditions.

Regression

Empirical relationships were derived for non-deflectored and deflectored bay spill
conditions. These regression equations were then applied to the individual bays used in
the mixed bay spill patterns on the third and fourth day of the test to determine if these
properties were additive. An exponential equation was fitted to the five flow conditions
observed on the first day (non-deflectored bays only). The following equation expresses
the increase in TDG pressure over barometric pressure as a function of the unit
discharge. Equation 16 is applicable only to non-deflectored bays 1, 2, 3, 16, and 17 at
the Bonneville spillway.

DP = 255.58 - 1031.58e %% Equation 16

Where:
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.DP Rdg
o} Unit spillway discharge (kcfs/bay)

o} > 3.0 kcfs/bay

- R, (mmHg)

A third order polynomial was fit to the five test conditions associated with the uniform
spill over deflectored bays. A third order polynomial was chosen because of the rapid
change in slope of the curve at the higher discharges. Equation 17 expresses the increase
in TDG pressure over barometric pressure as a function of the unit discharge. This
equation only applies to the deflectored bays four through 14 at the Bonneville
spillway. This equation is not appropriate for unit discharges less than three kcfs/bay.

DP =-0.0567¢ +0.421¢ + 27.823q_ - 37.067 Equation 17
Where:
.DP = Peg - RBar (MMHQ)
o} = Unit spillway discharge (kcfs/bay)

o} > 3.0 kcfs/bay

Equations 1 and 2 were applied to the individual spillway bay discharges observed
during the third and fourth day of testing during the first week in February. The
resulting pressures were then multiplied by the ratio of spillway bay discharge to total
spillway discharge and summed to determine the flow-weighted pressure change. The
barometric pressure was then applied to calculate the TDG saturation. The individual
station saturations (L1T3B-L9T3B), cross-sectional average saturation (T3avg), and
forecasted aggregate saturation (T3avg-est) are shown in figure 14 for the standard spill
pattern. The forecast of the TDG saturation associated with the standard pattern
followed the general trend in the data. The forecasted TDG saturation overestimated the
observed average conditions for the higher gate settings. The forecasted value falls
within the range of observed values of TDG saturation downstream of the highly
aerated flow regime.

The two-equation flow-weighted average formulation was also applied to the
operations data gathered during the supplemental TDG test conducted below
Bonneville from May 7-June 7. Equations 1 and 2 were applied to the observed spillway
bay discharge and average TDG saturation for spillway releases was determined using
a flow-weighted approach. The average spillway TDG saturation was plotted with
project operations, forebay FMS TDG saturation, tailwater FMS TDG saturation, and
auxiliary station TDG saturation as shown in figure 17.
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Figure 17: Observed and Estimated Total Dissolved Gas Saturation Below Bonneville
Spillway During Spill Season, May 5 - June 8, 1999
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The average TDG saturation released from Bonneville was estimated using the
formulation presented above for the spillway contribution. The TDG loadings
associated with powerhouse releases were estimated by the product of powerhouse
discharge and forebay FMS TDG saturation. The estimated loading from the spillway
was determined by the product of the spillway discharge and estimated spillway TDG
saturation. The flow-weighted average TDG saturation released from Bonneville is
shown in figure 17 under the heading of TDG-tw-est. The estimated average TDG
saturation closely followed the observed data at the tailwater FMS's during most of the
study period. The TDG distribution at the tailwater FMS is often not uniform and,
therefore, cannot be used as a rigorous validation of this formulation. However, this
comparison does lend additional credence to the formulation cited above.

Powerhouse Entrainment

The entrainment of powerhouse flow was assumed to be zero at Bonneville because of
the physical barriers created by Bradford and Cascade Islands. The TDG exchange was
not found to extend below the spillway channel during near-field investigations.
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Load Allocations

Because of the unique nature of TDG, load allocations are not directly expressed in
terms of mass loading. However, given the clear mathematical relationship between
spill quantities, the loading capacity ( DP ), and TDG percent saturation, the intent of
load allocations has been met by specifying operational and structural goals that
prevent the loading capacity from being exceeded.

In general, the long-term goal of meeting water quality standards must be met with
structural modifications to the dam projects. In the short-term, operational methods will
be used to protect beneficial uses to fullest extent and meet standards whenever
possible. Towards this goal, the TMDL establishes compliance targets in terms of a spill
quantity per spillway unit at each of the projects. In addition, the TMDL also establishes
compliance targets implementation of fish passage spills under the “waiver” levels of
TDG.

Long-term Compliance with Water Quality Standards

Compliance with Standards for All Spills

Federal and state laws and rules require compliance with state water quality standardes,
and therefore the ultimate goal of this TMDL is to achieve compliance. However, to
meet this goal, this TMDL must address several complicating factors.

In much of the literature as distinction is made between “voluntary’” and “involuntary”
spill. In terms of compliance with water quality standards, this distinction is
misleading. ESA requirements for spills must be considered to be just as binding as, say,
disinfection requirements for wastewater. In the disinfection case, chlorine may be
added to wastewater to protect public health. But chlorine can also create a problem
with toxicity in the effluent. This conflict doesn't mean the dischargers get to stop
disinfecting, it means that they either have to reduce chlorine toxicity by dechlorination
or find other non-chlorine methods of disinfection. Similarly, the dams have an
obligation to both meet WQ standards and ESA requirements. If spills are necessary to
protect endangered species, then those spills must also meet standards. The dam
operators also have the option of finding alternative ways to protect species without
spills.

The point here is that spills for fish passage are not really “voluntary”, rather they are
spills required for reasons other than a lack of powerhouse capacity. If the public
interest necessitates that spills be required to protect fisheries or other beneficial uses of
the water, then dams must meet water quality standards under spills of any volume up
to the 7Q10 flood flows. In addition, spills can occur at any time at any volume due to
lack of power demand or powerhouse maintenance or failure. Therefore, this TMDL
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will be applicable for all spills below 7Q10 river flood flow conditions, regardless of the
cause of the spill.

Operational versus Structural Solutions

The lower Columbia River dams, as currently designed, are incapable of meeting the
water quality standards for all spill flow levels. Therefore, compliance with this TMDL
will require structural changes. The DGAS report outlines a variety of alternatives for
operational and structural changes, which move in the direction of compliance under all
spill levels. However, the effectiveness of these changes can only be estimated, and
must be assessed after implementation. Also, implementation of structural solutions is
dependent on Congressional appropriations. Therefore long-term compliance with this
TMDL will take a significant length of time and must take into account a certain level of
inherent uncertainty.

Given these realities, it makes sense to establish interim compliance targets based on
operational parameters. These interim compliance targets will be based on the spill
levels that will protect the TMDL loading capacity, and are set either through
monitoring or calculations. As structural changes are implemented, these compliance
targets will be modified to allow greater spill levels. Compliance targets that address
fish passage spill conditions and other controlled spill conditions are described below.
Estimated compliance targets corresponding to implementation of the DGAS
alternatives are also described.

Compliance Above McNary Dam and Below Tailraces
[To be completed in final draft]

Compliance Under Current Conditions

Interim Compliance Consistent with the Biological Opinion
[To be completed in final draft]

Compliance Under Current Conditions

Based on the foregoing discussion, compliance targets for each project under current
conditions can be established. Compliance targets are based on a spill quantity. While
compliance could have been based on air concentrations or pressures, for management
purposes it is more practical to base them on a quantity of water spilled. There is a clear
mathematical relationship between these two variables. Compliance targets are
contained in table 10.
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Table 10: Proposed Compliance Targets for Lower Columbia River Hydroelectric
Projects at or Below 7Q10 Flows Under Current Conditions

Project 10-Year 7-Day | Powerhouse Spill Capacity | Additional
Discharge Hydraulic to 110 percent | Required
(cfs Capacity (cfs) (cfs) Capacity (cfs)
(1) (2)? (3 (4)*

McNary 480,000 146,000 56,000 278,000

John Day 498,000 310,000 60,000 128,000

The Dalles 498,000 290,000 23,000 185,000

Bonneville 498,000 216,000 44,000 172,000

Source: U.S. Army Corps of Engineers DGAS Study, p. 5-3.
Notes to Table:

1 Column (1). Statistical analysis of historical discharge data

2 Column (2). Powerhouse hydraulic capacity assumes that units are operating at
highest hydraulic capacity within one percent of peak efficiency for fish passage and
that one unit is out of service on Snake River projects and two units out of service on
Columbia River projects.

3 Column (3). Identifies the volume of water that can be passed over the existing
spillways without exceeding 110 percent TDG at the tailrace fixed monitoring station.
This spill volume assumes incoming forebay TDG is 110 percent or less and is based
on current existing conditions which are about 3,000 cfs per deflected spillbay and
1,000 cfs per non-deflected bay. This number will change as additional deflectors are
added to existing spillways.

4 Column (4). The additional required capacity or discharge that must be passed by
the project in some manner so as to not exceed the 110 percent TDG value as recorded
at the tailrace fixed monitoring station. Column (4) is calculated as (4)=(1)-(2)-(3). The
design discharges from column (4) are conservative values that were used as target
flow for design of new structures.

5 Assumes Minimum Gap Runner (MGR) installation on Bonneville First Powerhouse
(B1).

Compliance Under the DGAS Alternatives

Monitoring of Compliance

For monitoring of long-term compliance, it will be necessary to monitor at the loading
capacity compliance locations in the tailrace. However, it is not expected that these
locations will lend themselves to a permanent remote monitoring setup. Most likely
compliance will be determined by periodic synoptic surveys, especially after structural
changes have been completed. This monitoring can be managed separately from
monitoring of short-term compliance targets.
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For short-term compliance, the FMS stations can continue to be used, or new FMS
stations can be established. Compliance targets can be linked directly to FMS levels.
This will allow operational management that is linked to easily accessible data, based
on overall environmental management needs and the realities imposed by structural
characteristics. Thus, short-term compliance can remain adaptive and flexible, while
long-term compliance remains fixed to firm goals.

Margin of Safety

The margin of safety for this TMDL is implicit in the TMDL analysis through the use of
conservative assumptions. A detailed analysis of how the margin of safety is included is
provided below.

Data Quality

A margin of safety is usually identified in a TMDL to recognize uncertainty in the data
used to produce the TMDL. Due to the monitoring requirements imposed by the
Oregon Environmental Quality Commission and Ecology as a part of the fish passage
program over the past seven years, there is a great deal of hourly data of total dissolved
gas levels, barometric pressure, water temperature, tailwater elevation, forebay
elevation, total river flow and spill quantity. This data is available on the Technical
Management Team homepage, hosted by the Northwest Division of the U.S. Army
Corps of Engineers at: http://www.nwd-wc.usace.army.mil/TMT/welcome.html.

Further, the U.S. Army Corps of Engineers has undertaken an extensive gas abatement
study (DGAS) over the past five years. The study included development of a
mathematical model to describe the production, dissipation and behavior of TDG in the
Columbia system for the federal projects. The production of TDG at the four
hydroelectric projects that are the identified sources in this TMDL are, therefore, well
understood.

As a result of this monitoring there is abundant data for constructing this TMDL. The
margin of safety required for data and modeling variability is therefore considered to be
very small.

Spatial Variation
[To be completed in final draft]

Seasonal Variations

Exceedances of the TDG standard occur either during the fish migration season (mid-
April to the end of August), or during the high flow season in conjunction with spring
runoff. One of the determinants of TDG levels is total river flow. When flows in the
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river are particularly high TDG levels rise if there is any water spilled over the spillway.
During low flow periods, other than spill for fish passage, there is generally nota TDG
problem.

Occasionally turbine units will be out service for maintenance, either scheduled, or on
an emergency basis. This may require water to be spilled because there are insufficient
turbines available to handle the water in the river. Clearly, there is little control over
emergency outages. Maintenance is generally scheduled to coincide with low electricity
demand periods, and when river flows are such that they will not cause total dissolved
gas exceedances.
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Implementation Plan

The following are the alternatives evaluated by the U.S. Army Corps of Engineers as
reducing TDG.

Operational Alternatives

The following operational measures will reduce TDG production:

Maximize powerhouse releases;

Reduce (restrict) spill through non-deflectored spillway bays;
Concentrate spill to shallow tailrace regions; and

Prioritize spill at projects with lower TDG production.

Structural Alternatives

The following structural alternatives will reduce TDG production:

Additional/modified deflectors;
Raised tailrace channel;

Raised spilling basin;
Submerged conduits;

Baffled chute spillway;

Side channel spillway;

Pool and weir channels;
Additional spillway bays;
Powerhouse/spillway wall,

New spillway gates (Bonneville only);
Conversion of turbines to sluices;
Hydro-Combine powerhouse;
V-Shaped spillway;

Additional powerhouse.

A number of these alternatives have been evaluated as being deleterious to fish passage.

The following are the alternatives that have been evaluated both on a short-term and
long-term timetable:
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Table 11: Short Term Gas Abatement Actions

Project Alternative 1 Alternative 2 Alternative 3 Alternative 4
McNary Uniform Spill Uniform Spill Uniform Spill Uniform Spill
(18722) Four new Powerhouse/ Powerhouse/
deflectors Spillway Wall Spillway Wall
John Day Uniform Spill Standard Spill | Uniform Spill Uniform Spill
(18/20) Two new (20/20) (20/20)
deflectors
The Dalles Uniform Spill Existing Uniform Spill Uniform Spill
(0/23) Condition 23 new (237/23)
deflectors
Bonneville Uniform Spill Uniform Spill Uniform Spill Uniform Spill
(13718) Five new (18/18) (18/18)
deflectors Raised
Tailrace

Table 12: Long Term Gas Abatement Actions

Project Alternative 1 Alternative 2 Alternative 3

McNary Uniform Spill Uniform Spill Uniform Spill
(20/20) Powerhouse/ Powerhouse/
powerhouse/ spillway wall spillway wall
spillway wall Nine new spill | Nine new spill

bays bays

John Day Uniform Spill Uniform Spill Uniform Spill
(20/20) (20/20) (20720)
Six new spill Six new spill Six new spill
bays bays bays

The Dalles Uniform Spill Uniform Spill Uniform Spill
(237/23) (237/23) (23723)

Bonneville Uniform Spill Uniform Spill Uniform Spill
(18/18) (18/18) (18718)
Raised tailrace | Raised tailrace | 18 Sub gates

The following provide estimated improvements in TDG production and estimated costs
of implementation for the various alternatives.

Table 13: McNary Dam Estimated TDG Reduction and Cost
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McNary Lock and Dam TDG Reduction from Base Total Cost
Condition Estimate
Case 1 Case 2 Case 3 ($Million)
Total River Flow (kcfs) 300 400 500
Base Condition TDG (%) 116.8 122 127.9
Spillway Flow (kcfs) 154 254 354
Four additional deflectors -2.5 -2.2 -2.2 3
Raised tailrace channel -2.5 -3.7 -3.7 200-300
Nine additional spillway -4.2 -55 -7.0 458-732
bays
Powerhouse/spillway wall -3.3 -3.4 -3.7
Side channel spillway -6.8 -12.0 -17.9 477-763
Submerged conduits -6.8 -12.0 -17.9 236-378
Table 14: John Day Dam Estimated TDG Reduction and Cost
John Day Lock and Dam TDG Reduction from Base Total Cost
Condition Estimate
Case 1 Case 2 Case 3 ($Million)
Total River Flow (kcfs) 300 400 500
Spillway Flow (kcfs) 0 90 190
Base Condition TDG (%) 110 113 117.6
Two additional deflectors 0.0 -0.2 -0.6
Raised tailrace channel 0.0 -0.6 -1.1 67
Nine additional spillway bays | 0.0 -1.8 2.1 382-611
Powerhouse/spillway wall 0.0 -0.8 -1.2
Side channel spillway 0.0 -3.0 -7.6 425-629
Submerged conduits 0.0 -3.0 -7.6 261-418
Table 15: The Dalles Dam Estimated TDG Reduction and Cost
The Dalles Lock and Dam TDG Reduction from Base Total Cost
Condition Estimate
Case 1 Case 2 Case 3 ($Million)
Total River Flow (kcfs) 300 400 500
Spillway Flow (kcfs) 10 110 210
Base Condition TDG (%) 110.4 113.7 116.4
23 new deflectors -0.3 -1.7 -1.5 16-36
Nine additional spillway bays | -0.3 -1.3 -0.7 247-395
Side Channel Spillway -04 -3.7 -6.9 946-1,513
Submerged Conduits -04 -3.7 -6.9 326-522
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Table 16: Bonneville Dam Estimated TDG Reduction and Cost

Bonneville Lock and Dam TDG Reduction from Base Total Cost
Condition Estimate
Case 1 Case 2 Case 3 ($Million)

Total River Flow (kcfs) 300 400 500

Spillway Flow (kcfs) 84 184 284

Base Condition TDG (%) 114.3 119.5 123.7

Six additional deflectors 3.1 -0.2 1.4 4

Raised tailrace channel -1.0 -1.0 -0.3 109-174

Nine additional spillway bays | -4.3 -2.4 -1.4 519-830

Submerged Conduits -4.3 -9.5 -13.7 351-561

Submerged Spillway gates -4.3 -9.5 -13.7 180-288

The Dissolved Gas Abatement Study undertaken by the Corps made some general
observations concerning TDG abatement. These included:

1.

High ratios of spill to total project flow tend to eliminate or override upstream
project contributions of TDG to a river reach;

In-pool events, such as wind in long reservoirs often resulted in more significant
decreases in TDG than any gas abatement structures;

McNary and Bonneville Dams have added significance due to the extremely
large volumes and reaches of the receiving waters. Abatement at these projects
will impact larger volumes of aquatic habitat and proportions of the river
system;

Maximizing powerhouse flow reduces TDG;

With current operations, the Snake and Columbia Rivers are not strongly
coupled.

From a systemwide viewpoint, maximum TDG reductions are achieved by alternative 3
in Table 11 in the short-term, and alternative 3 in Table 12 for the long-term. On a
project-by-project basis, the following seem to offer the greatest benefits:

1.

Bonneville Dam - all gas abatement measures significantly improve TDG loading
conditions. Of all the projects, Bonneville has the greatest range in change of
TDG saturation loading downstream. The installation of deflectors at Bonneville
and The Dalles result in significant improvements in TDG,;

The Dalles Dam - The addition of deflectors at The Dalles resulted in significant
improvements in TDG,;
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3. John Day Dam - The most significant change in TDG occurs with the addition of
spillway bays;

4. McNary Dam - The greatest improvements in TDG are associated with a uniform
spill pattern, added deflectors, and additional spillway bays. John Day pool into
which McNary Dam discharges is very large, which results in the project
potentially impacting a great volume of aquatic habitat.

Immediate Actions

For the short term, measures should include those specified in Table 11 above for
McNary, The Dalles and Bonneville. Following implementation of these measures a
reassessment of TDG abatement should be undertaken. Implementation of measures
designed to meet the load allocations for this TMDL will need to be undertaken on an
iterative, and adaptive basis, with a careful evaluation and assessment following each
measure.
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